ABSTRACT: Species belonging to the genera Alexandrium and Gymnodinium are amongst the dinoflagellates that regularly cause massive coastal phytoplankton blooms along Mediterranean beaches. These episodes encompass a variety of factors favouring bloom development, including near-shore nutrient enrichment, enhanced growth and low water renewal. During the summer of 2003 the development of a bloom was monitored at 2 nearby beaches, Peguera and Santa Ponça, located at the head of Santa Ponça Bay (Mallorca). Both sites are under the influence of the same physical regime -which is mainly wind-forced -and present relatively high inorganic nutrient concentrations for Mediterranean waters during summer (mean dissolved inorganic nitrogen > 1.2 μM and PO 4 > 0.18 μM). Total dinoflagellate abundance exhibited a similar trend at both beaches, with remarkable outbursts in late June (> 8 × 10 6 cells l -1
INTRODUCTION
Dense blooms of phytoplankton are a widespread phenomenon of the global coastal ocean. They develop in response to favorable conditions for cell growth and accumulation, and are commonly grouped as harmful algal blooms (HABs) because of their deleterious effects. In contrast to large-scale blooms that are dominated by mesoscale circulation, Mediterranean HABs are a more localized phenomenon commonly related to areas of constrained dynamism, such as bays, lagoons, ports, beaches and estuaries (Garcés et al. 1998 , Vila et al. 2001 , Lopez-Flores et al. 2006 . In these areas, enhanced growth of phytoplankton not only leads to a perceivable water discoloration along the shoreline but also to a deterioration in water quality. Other unprecedented ecological effects in the Mediterranean, such as fish kills ) and risks to human health , have been attributed to toxic algal proliferations in recent years.
The definition of what it is considered to be a bloom varies, and it is based on several criteria such as cell abundance, biomass, physiological characteristics (e.g. growth rates), toxicity levels and deleterious effects on human activities etc. Moreover, the definition of what is considered to be a bloom rarely includes references to biological and environmental conditions leading to that state (Cartensen et al. 2004) . Given that a bloom represents a deviation from the normal cycle of biomass (Parker & Tett 1987) , a summer bloom can tentatively be considered to have occurred in the coastal waters of the western Mediterranean (Balearic Islands) when the chlorophyll concentration reaches values of 1 mg m -3 and/or when cell densities are above 10 4 cells l -1 , which is usually concomitant with sustained coastal water temperatures exceeding 21°C. These biomass values are high when compared with the standing stocks observed in coastal waters (e.g. < 0.4 mg m -3 , Jansá 1994), and represent a stage where the proliferation begins to become perceptible as a change in water color.
Despite the fact that in some cases the proliferation of algae may have a natural origin, it is considered that coastal blooms are an emerging problem that could be related to nutrient enrichment of coastal waters . Intensive urbanization and recreational use of coastal watersheds has resulted in a remarkable increase in sources of nutrients along the Mediterranean coasts. This cultural eutrophication generates a contrast between coastal waters and the open ocean where, owing to summer stratification and nutrient depletion, oligotrophic conditions prevail in the upper layer. Nutrient-rich coastal environments of the Mediterranean Sea and, in particular, semienclosed areas with low turbulence levels constitute a new and unique environment for which several phytoplankton species with harmful effects may become dominant. Vertically migrating dinoflagellates with complex but distinct life-cycles, such as the genus Alexandrium and Gymnodinium, attain high abundances (i.e. >10 6 cells l -1
) during mild summer conditions. Proliferations of species of either or both genera are becoming common along the coasts of the Mediterranean (Garcés et al. 2005) , particularly in areas of restricted water exchange such as pocket beaches and ports where their swimming ability allows for the maintenance of critical viable patches, even at early bloom stages.
The intricate coastal geomorphology of the Balearic Islands, with its numerous inlets and pocket beaches and a dynamic tourism industry that has promoted the construction of ports along the shore, has provided a favorable environment for HAB expansion. Although enrichment is observed in these areas, evaluation of the nutrient inputs is difficult owing to their diffuse nature. Moreover, when nutrients are added from anthropogenic sources, relative ratios may be skewed in addition to absolute concentration, favoring the proliferation of particular groups (Hodgkiss 1997) . In addition, the exact form of the nutrients (e.g. dissolved organic nitrogen vs. ammonium vs. nitrate) can be a determinant in phytoplankton species selection (Collos et al. 2004) .
Even though most of the factors involved in the Mediterranean nearshore algal outbreaks are known, the mechanisms that underpin their occurrence are not yet well established. Terrestrial nutrient loads, toxin production, species diversity, grazing pressure, life cycles and strategies, physical transport, mixing and other factors have all been used to explain the onset and evolution of phytoplankton blooms. Differences in bloom-controlling mechanisms are also reflected in the species composition, as reported for other areas (Smayda & Reynolds 2003) . It is therefore challenging to understand how all of these different factors combine to stimulate and govern outbreaks.
In the case of coastal blooms in semi-enclosed systems, it is generally accepted that the rate of planktonic cell growth must exceed the rate of cell dispersion in order for bloom formation to occur (e.g. Figueiras et al. 2006) . Knowledge of the variation of both phytoplankton growth rates and water renewal is thus fundamental to our understanding of the processes and mechanisms leading to bloom formation and to their maintenance at these sites. The contribution of each of these 2 ecosystem variables to nearshore bloom formation can be analyzed with the use of simplified biological models. Recognizing that simplified algorithms are generally unable to represent all of the variability of the system, they are intended to robustly present the essential foodweb dynamics and to analyze the mechanisms that more sophisticated approaches are unable to clarify. In this sense, simple models provide the necessary framework for exploring different aspects of HAB occurrence (e.g. Franks 1997 , Sarkar et al. 2006 .
This study evaluates the importance of dinoflagellate growth rate and coastal water exchange in the modulation of dinoflagellate abundance in Mediterranean nearshore blooms. The analysis is based on field measurements of biomass, growth rates and nutrients, and on numerical estimations of the wind-induced water renewal. In order to identify the factors that control bloom formation and, in particular, the effect of growth rates and residence time on bloom modulation, we formulated a simple phytoplankton-zooplankton (PZ ) model with an additional factor to account for the advective losses produced by water renewal.
MATERIALS AND METHODS
Biological sampling. The study was carried out in the Bay of Santa Ponça (Fig. 1) , a small bay located on the southern coast of Mallorca (Balearic Islands). The bay is comprised of three beaches, two of which (Peguera and Santa Ponça) are located in semienclosed areas that experience recurrent summer phytoplankton blooms. Santa Ponça is a ∼500 m long beach at the end of a westward facing embayment with an average depth of 5.5 m. A shallow reef in about the middle of the embayment restricts the exchanges with offshore coastal waters and reduces the total volume to 3.7 × 10 6 m 3 . Peguera is a crenulated beach (∼300 m) situated between a headland and a groin. Depths of up to 5 m are reached in the offshore side of an embayment, which has an approximate volume of 1.2 × 10 5 m 3 . With the aim of characterizing the dinoflagellate outbreaks, both sites were monitored from May to September 2003. Samples were obtained at intervals of between 3 and 4 d at 3 stations at Peguera and 4 d at Santa Ponça. Stns P1, P2, S1 and S2 were representative of the nearshore environment, and P3, S3 and S4 provided information about the conditions at the entrance of the embayments (hereafter offshore stations). The abundance of dinoflagellate species, inorganic nutrient concentration, temperature and salinity were measured each time a water sample was withdrawn. Additionally, 2 temperature loggers recorded the temperature every half hour at a depth of 1.5 m.
Samples (150 ml) were fixed with lugol (1% final concentration) for phytoplankton quantification. The general procedure for identifying and quantifying phytoplankton involved sedimentation (24 h) of a subsample in a 50 ml settling chamber and subsequent counting of cells within an appropriate area using a Leica-Leitz DM-IRB inverted microscope. Using this approach, the minimum species abundance detected was 20 cells l -1 . Nutrient samples were frozen immediately after collection, and concentrations of nitrate, nitrite, ammonia, phosphate and silicate were measured with an autoanalyzer following Grassoff et al. (1983) . For each sample, a 60 ml subsample for the quantification of chlorophyll a (chl a) was filtered through 25 mm Whatman GF/F filters. Filters were then extracted in 8 ml of 90% acetone, and concentrations of chl a were measured with a Turner Designs fluorometer.
Growth rates. In situ growth rate estimations were obtained from an experiment carried out during the summer of 2002 at Peguera, when a sustained dinoflagellate bloom was observed at this site. A detailed description of the bloom can be found in Basterretxea et al. (2004; see their 'Results' for development of the summer phytoplankton biomass). Net rates of change in dinoflagellate cell numbers in water samples incubated for 24 h under in situ conditions were used as a measure of the net growth rates of dinoflagellates. A total of 38 experiments were carried out prior to and during the evolution of a massive Alexandrium taylori bloom. In each experiment, two 1 l plastic cages were filled with a sample of water and submerged to a depth of 0.5 m. All containers were pre-cleaned with 10% HClMilli Q water and rinsed 3 times with distilled water. Initial and final subsamples were withdrawn from each cage for phytoplankton counts. Accurate data counts of the incubation samples were made, and species-specific net growth rates were estimated from changes in cell numbers according to Guillard (1973) ( 1) where μ n is the net growth rate per day, and N 1 and N 2 are the initial cellular concentration and the average final cell concentration of the 2 incubations at t 1 and t 2 .
Water renewal. Typical climate conditions in the Balearic Islands present a distinct seasonality with warm temperatures (∼27°C in August) and low rainfall during summer (< 26 mm), resulting in little riverine input to the coast. In the absence of any significant sea . Stns P1, P2, S1 and S2 experience recurrent nearshore blooms, whereas P3, S3 and S4 are indicative of coastal conditions level variations, coastal circulation in southern Mallorca is mainly regulated by wind forcing. Breeze conditions are prevalent for most of the summer, with intensities rarely exceeding 8 m s -1 (Ramis et al. 1990 ). This regime is occasionally disrupted by Tramontana episodes, a prevailing northerly wind with enhanced intensity. The combination of persistent shoreward directed seabreeze and an indented coastal geomorphology limits nearshore water exchange in the Balearic Islands during summer. Under these conditions current velocities at the entrance of the beaches are weak and temporally variable, following the diurnal wind patterns. Even during the wind-enhanced Tramontana episodes flushing is restricted, particularly along the southward facing coasts.
In order to investigate the effect of water renewal on HAB dynamics in Santa Ponça Bay, a conservative tracer method was used. For each area of interest, residence time was estimated from the tracks of neutrally buoyant particles in the flow, which were obtained from a 3D hydrodynamic numerical model following Monsen et al. (2002) . If a water body with a volume V and a flushing time τ is considered, the volumetric flow rate q can be expressed as
In coastal waters q is often unknown, and τ is calculated assuming that any introduction of mass into the water body is instantaneous and homogeneously mixed throughout the entire domain. Therefore, τ can be estimated from the evolution of a tracer over time, implying that mixing inside the water body is infinitely fast (e.g. Orfila et al. 2005) . Assuming that the volume of the enclosed domain remains constant, the concentration (C ) of the tracer over time (t) can be obtained from
where C 0 is the tracer concentration at t = 0. Flushing time can then be obtained by the least-square fit of the modeled particle evolution. A total of 27 120 homogeneously distributed particles were released at Peguera, and 91 200 at Santa Ponça, and allowed to drift for a period of up to 800 h.
The algorithm selected for the hydrodynamic model was a linear, shallow-water, sigma-coordinate, 3D finite element model with spherical-polar extensions formulated in the frequency domain (FUNDY). The model solves the linearized 3D shallow-water equations, and is forced by tidal or other barotropic boundary conditions, wind and/or baroclinic pressure gradients. This numerical scheme was previously applied to evaluate the effect of local breezes on coastal circulation in previous studies of the area (see Werner et al. 1993) . Estimations assume that conditions are at steady state and that wind represents the major forcing that controls water renewal.
Bloom dynamics. A simple 2-component model was used to analyse the role of water renewal on bloom development, whereby the population dynamics were described by a growth-loss-transport equation. The model, based in that of Steele & Henderson (1992) and Truscott & Brindley (1994) , included logistic growth controlled by a carrying capacity term (K ) that allows for the absence of explicit tracking of nutrient concentration, which is convenient for the analysis of systems with undetermined input fluxes. Moreover, in this way, the uncertainties derived from parameters describing nutrient-uptake kinetics and/or shelf-shading effects are avoided. The form of the model is: (4) (5) where P and Z are phytoplankton and zooplankton concentrations respectively, μ is the specific growth rate for phytoplankton and m z is the specific loss rate of zooplankton. The model uses a Holling Type III grazing function, where γ is the proportion of grazed phytoplankton that becomes new zooplankton biomass, G max is the maximum grazing rate and k z is the half-saturation constant for grazing. In our case a flushing term (q) was included to account for the water renewal rate, which represents an additional source of mortality for both P and Z.
The model was forced using real temperature data and a simple analytical expression for the sinusoidal variation of photoperiod (D), with a specific at summer solstice. Optimal temperature range (T opt ) and photoperiod (D opt ) were used solely to pulse growth from μ min to μ max . In this study, the choice of parameters was based on available field data. The selected model currency is carbon, and the concentrations of P and Z are given in g C m -3 (see Table 1 ). For conversion between C and chl a we used a constant value for the C:chl a ratio of 38, and time was measured in days (d). Estimates of K were obtained by averaging the peak chlorophyll concentrations at the sampling site over the last 7 yr. The value for assimilation efficiency of zooplankton (γ) is similar to the value of Fasham (1955) , and the maximum grazing rate (G max ) is the same as that of Denman & Peña (1999) . The value for m z is in the range of that provided by Edwards & Brindley (1999) , but the half-saturation coefficient for zooplankton grazing (k z ) is higher than the range provided by these authors (0.02 to 0.1 g C m -3
). In our case, values of k z that are higher than those in the oceanic system imply that zooplankton will adapt more slowly to the
available food. We used this larger value on the basis that most microzooplankton species in the nearshore system (generally naked ciliates) are incapable of effectively grazing large bloom-forming phytoplankton cells; hence, a slower response is expected of these organisms when P variations occur.
RESULTS

Biological sampling
During the summer of 2003, the coastal temperatures in the Balearics generally reached ≥26°C, warming up to 29°C in July and occasionally exceeding 30°C in the nearshore environment. As shown in Fig. 2a , both Santa Ponça and Peguera exhibited the same temperature trend, and only minor variations were observed between them. Differences of up to 2°C were experienced between nearshore (S1, S2 and P1) and offbeach stations (S3, S4, P3 and P4) (data not shown).
In keeping with the temperature profile, the nearshore (S1, S2 and P1) phytoplankton biomass (measured as chl a) followed a similar pattern at both sites. An extraordinary outbreak was observed in June (32 and 36 mg m Fig. 3 reveals the differences in biomass and cell abundance between offshore and nearshore stations at both sampling sites. Summer offshore chlorophyll concentrations were almost invariably below 0.5 mg m -3 at both sites. In nearshore waters, low concentrations were observed on 44 and 35% of occasions at Peguera and Santa Ponça, respectively, whereas values of 1 to 1.5 mg m -3 were recorded in > 50% of samples. Thresholds in terms of abundance appear to be more diffuse. Modal values were in the order of 10 3 cells l -1 in offshore waters and 10 4 cells l -1 at nearshore stations. In 12% of the observations from Santa Ponça and 33% from Peguera, cell abundances above 10 4 cells l -1 were observed. Inshore mean concentrations of dissolved inorganic nitrogen (DIN) exceeded 2.6 μM at Santa Ponça and 1.25 μM at Peguera over the sampling period, with respective maximum values reaching 19.0 and 2.4 μM. Differences of up to 2 μM were observed between average onshore and offshore concentrations at Santa Ponça, whereas intermediate DIN concentrations were recorded at Peguera, with no signifi- (Fig. 4) . Phosphate occurred at lower concentrations (mean = 0.20 ± 0.1 μM, max = 4.5 μM), with onshore-offshore differences again being observed at Santa Ponça. Inorganic N:P ratios varied between 8.4 ± 3.7 at Peguera and 18 ± 9.1 at Santa Ponça, with no significant onshoreoffshore variation. Remarkably, these ratios are similar to those in groundwater (9 and 17 respectively), where inorganic nutrient concentrations are an order of magnitude higher. In general, nutrient concentrations exhibited great temporal variability; consequently, no clear pattern or relationship could be discerned between the phytoplankton and the concentration of any nutrient. Furthermore, nutrient stoichiometry calculations for the bloom based on those of Justic et al. (1995) indicated very few cases of potential nutrient limitation of DIN or P-PO4 during the course of the phytoplankton bloom.
Growth rates
Estimated mean net growth rates for Alexandrium taylori during the pre-bloom stage were low, with values ranging between 0 and 0.32 d , when these outlying values were considered. The transition between these the 2 regimes is not well resolved; however, it is suggested that a progressive increase in growth rates occurs when temperature rises from 21.5 to 26°C in June (Fig. 5) .
Water renewal
Tracer analysis under breeze conditions reveals that 50% of the particles released at Santa Ponça remained in the domain after 15 d, whereas renewal occurred more rapidly at Peguera (50% remained after ∼3 d). Exponential fitting of the particle evolution yields τ values of 19.3 and 13.6 d, respectively, under breeze conditions, decreasing to 4.2 and 3.8 d under Tramontana episodes. Nevertheless, as shown in Fig. 6 , exponential fits tend to underestimate residence time in the case of Tramontana winds. Moreover, in the case of Peguera a few particles (20%) remain trapped under seabreeze forcing, yielding an asymptotic behavior. Differences among beaches are related to differences in volume between both embay- ments, and the resultant q for breeze conditions is comparable in both cases (q = 0.052 d -1 for Santa Ponça and 0.073 d -1 for Peguera). Under real fluctuating conditions (year cycle) q is somewhat higher (0.090 ± 0.08 and 0.15 ± 0.08 d -1 respectively), but is still indicative of slow water renewal at both beaches.
Amongst the different factors that influence water renewal, wind direction is probably the most relevant. As shown in Fig. 7 , wind patterns included a similar bimodal behavior at both locations, with higher q for winds blowing from N to SE and markedly reduced values of q for other directions. Nonetheless, it should be noted that wind events favoring enhanced renewal were scarce and episodic during the summer season.
Bloom dynamics
As shown by Truscott (1995) , the behaviour of a PZ system can be explained from the perspective of the excitability of phytoplankton, i.e. the capability for this population to be subject to rapid changes. The stability of the final steady state of P and Z is governed by the gradient dZ/dP of the non-dimensionalized equations for P and Z. Briefly, if dZ/dP < 0 then the equilibrium point is a stable point, whereas if dZ/dP > 0 then it is an unstable node, and the stable solution is a limit cycle. As depicted in Fig. 8 this changes at points (P min , Z min ) and (P max , Z max ). When P min > P > P max , the equilibrium of the system is unstable and a limit cycle is developed. The region of excitability is indicated by the 'S' shape of the curve and, as shown in Fig. 8 , this decreases with increasing q. In our case, the sigmoid shape of the curve is only preserved for (6) where .
Evidently, this solution becomes that of Truscott (1995) when q = 0.
For the parameters provided in Table 1 the excitability condition is accomplished for values of q < 0.04 d -1 when μ = μ min , and for q < 0.18 when μ = μ max .
Typical conditions for uncoupling between P and Z occur when μ increases to μ max in response to light, temperature, nutrients or other factors that influence phytoplankton growth. Following the description above, 3 scenarios can be anticipated depending on the dZ/dP ratio. If dZ/dP is always negative, then the evolution of the system generates a stable bloom (same shape independent of μ max ) where population is con- transition from low to high growth rates during rapid water temperature warming trolled by grazing. Conversely, if dZ/dP is always positive, then the phytoplankton population is relatively uncontrolled and expands to a high density situation that is controlled by μ max . Our case represents an intermediate situation whereby the variation from μ min to μ max forces a change from dZ/dP > 0 to dZ/dP < 0 (assuming low q values); once the bloom is triggered, the behaviour of the system is controlled by the variations of μ and q. As displayed in Fig. 9 , under these circumstances the model is able to reasonably reproduce the bloom in both embayments using values within the range of those observed in field experiments. Gross cell growth rates in the model were approximated by measured net rates in the belief that they are representative of the lower threshold of phytoplankton growth. and by grazing control. As shown in Fig. 10b , the length of the optimal growth period also influences the evolution of the bloom. Short μ max conditions, resulting either because temperature is above or below T opt , generate reduced biomass peaks that progressively decay without triggering significant zooplankton responses. Sustained blooms with repeated oscillations, similar to that observed at Peguera in 2002, are explained by persistent T opt conditions. Similarly, stagnant conditions generate relatively stable high biomass equilibria where the shift in μ max is relatively unimportant. Increased flushing rates weaken the peak and reduce bloom persistence. Fig 10d depicts the response of the system to changes in ν. For lower values (i.e. 0.05) the system presents excitability for any q within the range of values considered (the excitability is lost for q > 1.5 d -1
) and a bloom following the p-cline will occur (dZ/dP always negative). This is the evolution described by Truscott (1995) , whereby q has no effect. Conversely, for high ν values (dZ/dP always positive), the system is always at a state beyond the excitabity region and is thus entirely regulated by variations in μ max . The slope of the curve at the bloom onset is regulated by μ max , whereas the senescence is controlled by μ min .
DISCUSSION
Anthropogenically enriched coastal areas of the Mediterranean provide a unique environment for phytoplankton growth. These sites are prone to suffer from proliferations not only because inorganic nutrients are high when compared with offshore conditions, but also because the organic compounds are abundant, comprising a variable amount of between 50 and 80% of N and P pools (e.g. Lucea et al. 2003) . For most of the year, physical factors (photoperiod, irradiance, mixing, temperature, stratification etc.) have a limiting influence on dinoflagellate proliferation; thus, even in times of enhanced allochthonous nutrient input along the coast, blooms are rare. With the onset of summer conditions (between May and June), flagellate outbursts become a growing economic and environmental problem. Calm conditions with less wind are regarded as ideal for biomass accumulation in the nearshore. In this study, we presented evidence of simultaneous blooms comprised of different dinoflagellate assemblages at 2 nearby locations: Peguera and Santa Ponça. Even though these proliferations tend to be almost monospecific, blooms of different species may still develop if favorable conditions occur (as shown). This is suggestive of some sort of non-species-specific syn- Month Fig. 9 . Measured phytoplankton biomass (black line) and simulated results (grey line). Simulations were performed using daily flushing rates calculated from average wind conditions for each day chronization in the mechanisms that lead to the triggering of blooms within both systems. Raimbault et al. (1988) showed that in the Mediterranean, the composition of small-sized background phytoplankton remained relatively stable during blooms when biomass increased beyond 0.5 mg m -3 , and that above this density the blooms started to be dominated by larger organisms. Although intended for a spring bloom, this concept appears to be consistent with the differences observed between inshore and offshore communities during the bloom. Large dinoflagellates like Alexandrium spp. and Gymnodinium spp. increase in terms of growth and accumulation, whereas smaller phytoplankton (similar to those offshore) remain relatively stable. A similar pattern was reported by Bec et al. (2005) for a Mediterranean lagoon subjected to summer diatom blooms: they suggested that the observed enhanced growth rates of the large population fraction (> 2 μm) may rely on new rather than recycled nutrients. Shifts in the dominance of the different size fractions under the influence of variable external nitrogen sources is supported by species competition experiments (see Hecky & Kilham 1988) and food-web structure modeling studies, which predict increases in the overall size of the planktonic community in response to increases in the nutrient content in the system (Armstrong 1994 , Kemp et al. 2001 . Nutrient enhancement is reported to produce an exponential decline in the ratio of picophytoplankton to total phytoplankton biomass and primary production at nitrogen concentrations of >1 μM , thus favoring proliferation of larger species.
Nevertheless, the tendency for change in size structure is not a ubiquitous feature of the Mediterranean coastal communities. For example, Vidal & Duarte (2000) reported a low-biomass response to increased nutrient loading on the coast of Blanes (northeast Spain). Furthermore, some evidence suggests that the relationship exists between cell size, growth rate and growing conditions, not between cell size and nutrient levels (Irigoien et al. 2005) .
We have proposed a simple PZ model intended to reproduce the dominant dynamics and provide analytical criteria for coastal bloom occurrence. A general implication of our study is that nearshore phytoplankton blooms are generated by changes in cell growth that destabilize the PZ trophic link, and that the evolution of the system is modulated by the concomitant variations in physical forcing. Departing from a positive, stable equilibrium -in which the low phytoplankton growth rates are balanced by biological losses and transport -endogenous and exogenous changes resulting in significant variation in μ determine a new state for the system, manifested either as an episodic outbreak or a more persistent phytoplankton biomass enhancement. Freund et al. (2006) stated that the uncoupling between the phytoplankton bloom and the zooplankton response is rooted, among other reasons, in the separation of time scales expressed by the numerical values of the parameters m z and γG max , which are smaller than the parameters μ and G max . Differences in water renewal modulate the shape of the bloom as determined by the growth rates, and also exacerbate the effects caused by the slower response of zooplankton. Regarding water renewal, it should be noted that owing to their semi-enclosed nature, it is not only wind intensity but also wind direction that is a determinant of the regulation of water exchange in the analyzed embayments. In this sense, the geographical orientation of the coast and its relationship with the direction of prevailing winds is an intrinsic characteristic that may be relevant to outbreak occurrence. As shown in Fig. 10c , high flushing rates reduce system excitability and cell accumulation; consequently, generalized alongshore blooms are only observed under persistent calm weather conditions. In the unlikely situation of continuously high water renewal, the system is basically regulated by the equilibrium between growth and water renewal and the role of zooplankton becomes secondary. This situation is not well described by a PZ model because important advection possibly conveys strong changes in the carrying capacity of the system. In our case, K was considered to be a constant selected on the basis of observed maximum phytoplankton biomass in these waters, but as demonstrated in the analysis of ν, it plays an important role in setting the threshold for the excitability of the system. Empirical evidence shows that cell abundances above 10 7 cells l -1 are rare, but this threshold includes processes of distinct nature (either physical, chemical or biological). Generally, the effect of a variable K depends on the rate of change, because an additional timescale that interacts with the biological timescales considered in the model is introduced. If K varies slowly in comparison with the biological processes, the evolution of the system will asymptotically adapt to these variations. If, conversely, a rapid variation is considered, the system will behave by following the average values (the same is valid for μ). A more critical behavior could be expected from coherent variations of K and other parameters, or at some stages of the bloom (i.e. when a change from μ min to μ max is forced).
Evidence reveals that owing to their higher compensation intensities, some dinoflagellate species appear to be more competitively suited for growth under the high summer irradiances experienced in the Mediterranean (e.g. Smayda 1997 ). In our case, the observed rate of chlorophyll increase during the bloom onset required sustained growth rates above 0.5 d -1 , which is consistent with the measured growth rates and with published in situ growth rates of single cells of Alexandrium taylori at other sites (Garcés et al. 1998 (Garcés et al. , 2005 . Nonetheless, daily growth rates of some species can greatly exceed this value for short periods (i.e. up to 3.54 d -1 , Smayda 1997), and HAB species do not typically exhibit sustained growth rates higher than those of other phytoplankton. For example, reported in situ growth rates of dinoflagellates are generally below <1.0 d -1 (Stolte & Garcés 2006) .
As shown by the modeling results, it is the change in μ between the pre-bloom and bloom stages that is relevant to the forcing of the system. Various external and/or internal factors have been proposed in attempts to explain changes in growth rates in phytoplankton populations. (1) Intraspecific genetic variability changes over time within the same population are possible (Orsini et al. 2002) . This suggests that only a fraction of the resident population is responsible for the bloom. Furthermore, differences among growth rates of the different strains are possible. (2) Excretion of chemical signals produced by the organisms could be responsible for the different physiology. Hastings & Greenberg (1999) suggested that the so-called 'quorum sensing' hypothesis, which relates to the chemical signals produced by an organism, occurs in bacterial populations. Although this effect has not been documented for phytoplankton, it is known that cell inoculum in batch cultures requires cell filtrates from older cultures to initiate active growth (Fogg 1987) . (3) More attention has been devoted to the effect of environmental factors (such as irradiance, nutrients, turbulence, vitamins and, particularly, temperature) on growth (Guillard 1973 and references therein) . Temperature is known to alter the enzymatically regulated processes of most organisms, and hence should not be disregarded as a triggering factor of the previously mentioned mechanisms. Indeed, seasonal temperature variations are known to play a major role in the regulation of growth rates of coastal communities of the Mediterranean (e.g. Agawin et al. 1998 ). Most phytoplankton species have an optimal temperature for growth. A temperature range of 22 to 28°C was used in our simulations, in which no remarkable change in environmental conditions between the pre-bloom and bloom period was observed (with the exception of the seasonal warming). Obviously, temperature variations do not explain the observed day-to-day variability within each bloom phase, and other mechanisms should be considered to account for this short term variability.
Another possible explanation for unbalanced growth is relief from grazing control. Grazing rates are relevant not only to the control of the biomass, but also at the initial stages of the outbreak (Uye & Takamatsu 1990) . Planktonic macrograzers, capable of ingesting large-sized cells, are scarce in the coastal environment (Calbet et al. 2001) , and thus presumably relegated to a minor role. In the case of microzooplankton, they would mainly control variations of smaller-sized cells. Only organisms such as rotifers and heterotrophic protists have comparable growth rates and may hence co-bloom. Moreover, it is well known that some bloom-forming phytoplankton species exhibit ecological and physiological characteristics that either reduce zooplankton feeding rates or hamper egg production and thus population growth (e.g. Turner 2006) . Although the reduction of topdown control in microalgal proliferations is situationspecific, the blooming species constitute a parallel foodweb pathway that is basically modulated by physical and endogenous factors.
Model performance is lower when these biological loss terms become important. Edwards & Yool (2002) demonstrated that the selection of the higher predation closure term can strongly influence model dynamics. In a PZ model, high zooplankton biomass increases phytoplankton losses, accelerating the bloom outcome. However, the senescence phase in itself could well be inevitable in either the presence or absence of zooplankton. Other factors of phytoplankton mortality, such as population ageing, encystment, infection, species succession or factors not accounted for in the model, could play a role in the fate of the bloom. Indeed, evidence reveals that algal evolution substantially alters predator-prey dynamics (Yoshida et al. 2003) . Uncertainties at this stage of the bloom -in which cell biology and population life history may be important -appear to be greater, and possibly require more sophisticated modelling approaches.
